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Purpose: Prospectively-gated Cartesian 4D-flow (referred to as Cartesian-4D-
flow) imaging suffers from long TE and intensified flow-related intravoxel-
dephasing especially in preclinical ultra-high field MRI. The ultra-short-echo
(UTE) 4D-flow technique can resolve the signal loss in higher-order blood
flows; however, the long scan time of the high resolution UTE-4D-flow is
considered as a disadvantage for preclinical imaging. To compensate for
prolonged acquisitions, an accelerated kp-navigated golden-angle center-
out stack-of-stars 4D-flow sequence (referred to as SoS-4D-flow) was
implemented at 9.4T and the results were compared to conventional
Cartesian-4D-flow mapping in-vitro and in-vivo.

Methods: The study was conducted in three steps (A) In-vitro evaluation in a
static phantom: to quantify the background velocity bias. (B) In-vitro evaluation
in a flowing water phantom: to investigate the effects of polar undersampling
(US) on the measured velocities and to compare the spatial velocity profiles
between both sequences. (C) In-vivo evaluations: 24 C57BL/6 mice were
measured by SoS-4D-flow (n = 14) and Cartesian-4D-flow (n = 10). The
peak systolic velocity in the ascending aorta and the background velocity in
the anterior chest wall were analyzed for both techniques and were compared
to each other.

Results: According to the in-vitro analysis, the background velocity bias was
significantly lower in SoS-4D-flow than in Cartesian-4D-flow (p < 0.05). Polar
US in SoS-4D-flow influenced neither the measured velocity values nor the
spatial velocity profiles in comparison to Cartesian-4D-flow. The in-vivo
analysis showed significantly higher diastolic velocities in Cartesian-4D-flow
thanin SoS-4D-flow (p < 0.05). A systemic background bias was observed in the
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Cartesian velocity maps which influenced their streamline directions and

magnitudes.

Conclusion: The results of our study showed that at 9.4T SoS-4D-flow
provided higher accuracy in slow flow imaging than Cartesian-4D-flow,
while the same measurement time could be achieved.

KEYWORDS

MRI, 4D-flow, phase-contrast, stack-of-stars, UTE

1 Introduction

4D phase contrast magnetic resonance imaging, commonly
known as 4D-flow, is a technique in cardiovascular MRI for
quantifying blood velocity in the 3D space along time [1]. For this
purpose, multiple sets of bipolar velocity encoding gradients are
applied 3D to sensitize the MRI signal to fast moving spins [2].
Since the quantification of the velocity requires a baseline
measurement to subtract the phase of the signal of the
dynamic spins, a variety of velocity encoding methods have
been emerged which differ in their number of gradients and
in accuracy. However, the imbalanced and balanced 4-point
methods have become popular since they require the least
number of gradients while exhibiting low bias [3-5].

The type of velocity encoding scheme is not the only factor
influencing the accuracy of the measured velocity maps. It has
been shown that the k-space trajectory has also an impact on
accuracy, especially at ultra-high-fields (UHF) [3, 6, 7].

Basically, 4D-flow imaging using Cartesian trajectory has
been extensively investigated not only at low fields [8], but also at
UHFs [9, 10]. It has been widely used in preclinical MRI (i.e., at

UHFs) and benefits from a simple reconstruction pipeline which
is compatible with the existing acceleration techniques [8, 11].
However, acceleration by means of the partial coverage of the
k-space can influence the accuracy of the velocity maps that
may not be recoverable by advanced reconstruction
algorithms (such as compressed sensing) [12]. Since the
Cartesian trajectory requires multiple imaging gradients
overlapping on each other, the gradient duty cycle of this
technique is usually high. To tackle this problem, the
gradients durations must be increased, influencing the
minimum echo time (TE), which is typically >2-3 ms
(Figure 1). Such a long TE can result in low signal-to-
noise ratio (SNR), low velocity-to-noise ratio (VNR), and
in an intensified signal loss in the disturbed flow at UHFs [6]
which cannot even be resolved by shortening TE using
asymmetric echo acquisition [3]. Moreover, the imaging
encoding gradients in the 3D-Cartesian trajectory (i.e., the
two phase encoding gradients, bipolar readout gradient, etc.)
are experienced as extra velocity sensitizing gradients and
result in a higher actual velocity encoding value (VENC) than
the nominal value [13].

Cartesian-4D-Flow SoS-4D-Flow UTE-4D-Flow
ko - Navigator Readout
RF - Exc. RF - Nav. RF - Exc.
TE <« TE —
/\ Readout - Exc. /\ Readout - Nav. Readout - Exc. ” Readout - Exc.
Al A A Al I Kn.. KAA. KAAA :I
vV "N%;;“ UL A A /A \VA'Ad

FIGURE 1

Schematic representation of (left) the prospectively-triggered Cartesian-4D-flow; (middle) ko-navigated golden-angle center-out SoS-4D-
flow; and (right) UTE-4D-flow pulse sequences. (Purple: Slice/Slab-selection gradient; Gray: Slice/Slab spoiler gradient; Green: Phase encoding

gradient; Red: velocity encoding gradient; Blue: Readout gradient).
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To increase the accuracy of velocity mapping at UHFs, the
ultra-short-echo (UTE) 4D-flow sequence has been introduced
[3]. Since a very shortly durated rectangular radiofrequency (RF)
pulse is applied in UTE-4D-flow and it requires no slice and
phase encoding gradients, the corresponding TEs are sufficiently
short (=500 ps, Figure 1) to preserve the signal in the regions with
higher-order blood flows [3]. Additionally, the center of the
k-space is densely sampled in this technique; leading to a high
SNR and VNR (3, 14-17]. UTE-4D-flow is also compatible with
advanced acceleration techniques [7] but at the cost of higher
complexity in reconstruction compared to the Cartesian data.
Although the temporal resolution of UTE-4D-flow is superior to
any Cartesian techniques (due to its typical shorter repetition
time—TR), its total scan time is 9.8 times (i.e., 1*) longer to satisfy
the Nyquist-Shannon sampling theorem for similar scan
parameters, which is based on the fact that the coverage of radial
spokes should create equidistant solid angles by r projections along
the k, direction and 2m projections in the ky, plane.

Moreover, the choice of the gating strategy can influence the
total scan time and the quality of velocity maps; especially in
small animals due to their rapid heart and respiratory rates. For
preclinical imaging at UHFs, the gating efficiency of the
prospective triggering method has been reported to be about
50% because of the poor quality of electrocardiograms (ECG), the
induction of noise by switching gradients, and long respiratoty
delays [3, 18]; nonetheless, it was improved to around 60% in
self-gating [3].

When aiming for 4D-flow imaging with reasonable spatial
resolution, using the UTE-4D-flow technique is not justifiable
due to its long scan time regardless of its very good image quality.
To reduce the total scan time and still benefit from the advantages
of UTE (ie, short TE, high SNR, and high VNR), we
implemented an efficient ky-navigated golden-angle center-out
stack-of-stars 4D phase-contrast imaging sequence (referred to
as SoS-4D-flow in the context of this manuscript) as a hybrid
combination of the half-spoke radial and Cartesian sampling
techniques and investigated the results in-vitro and in-vivo in
comparison to those obtained by the conventional prospectively-
triggered Cartesian-4D-flow method (called Cartesian-4D-flow
in the following).

2 Methods
2.1 Imaging experiments

2.1.1 In-vitro

Two types of phantoms were used for the evaluations (A) Static
water phantom, i.e., a simple 50 ml conical tube filled with agar and a
small Lego brick inside; (B) Flowing water phantom, ie. a large
cylinder with the inner diameter of 26.1 mm containing water and
enclosing four smaller tubes with the inner diameter of 3 mm, which
are connected to a water pump with adjustable flow rates of 0, 200,
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400, 600, 800 ml/s to produce laminar flows with different speeds.
Imaging was carried out on a 9.4T BioSpec USR 94/20 MRI system
with ParaVision 6.0.1 (Bruker BioSpin MRI GmbH, Ettlingen,
Germany) using a vendor-supplied 72-mm-diameter transmitter
and receiver volume coil with the sequences and parameters listed
in Table 1.

2.1.2 In-vivo

24 male C57BL/6 mice were included in the study and divided
into two experimental groups (A) 10 animals were scanned with the
prospectively-triggered Cartesian-4D-flow sequence; (B) 14 animals
were investigated with the ky-navigated golden-angle SoS-4D-flow
technique. It is important to note that SoS-4D-flow was performed by
25 repetitions for retrospective reconstruction and 2.5 undersampling
factor (US). A summary of the sequences and parameters is provided
in Table 1. All acquisitions were performed with the same hardware
settings as in the in-vitro step, except for the coil; a dedicated cardiac
4-channel phased-array was used as receiver instead of the 72 mm
Quadrature coil. The study was performed in accordance with the
National Institute of Health Guidelines for the Care and Use of
Laboratory Animals (eighth edition) and the European Community
Council Directive for the Care and Use of Laboratory Animals of
22 September 2010 (2010/63/EU). The study protocol was approved
by the competent State Office for Food Safety and Consumer
Protection (TLLV, Bad Langensalza, Germany; local registration
number: 22-2684-04-UKJ-19-002).

2.2 Pulse sequences

2.2.1 SoS-4D-flow

The ky-navigated golden-angle center-out stack-of-stars 4D
phase-contrast velocity mapping was implemented in five steps
(A) A vendor-supplied 2D-UTE sequence with ramp-sampling
was modified by integrating a 3D phase-encoding gradient along
the slice/slab-selection direction to turn it into a 3D-SoS. To shorten
TE, the phase encoding gradient was overlapped with the slice/slab-
selection rephasing gradient. No phase rewinder gradient was added
to reduce TR. (B) The readout spoiler gradient was removed from the
sequence; instead, a short and strong slice/slab spoiler gradient was
applied next to the slice/slab-selection gradient before the next
excitation to compensate for any interference artifacts that could
arise in its absence. (C) After the development of a stable version of
3D-SoS with a continuous rotation angle, the golden angle
acquisition (with the rotation angle of n1(3-+/5) = 137.507 between
spokes) was integrated in the sequence, which guaranteed good
k-space coverage even at high US factors. (D) To retrospectively
sort the radial spokes with respect to the physiological motion, an
external ky-navigator module was implemented just before the main
acquisition block of the sequence. In ky-navigator, a slice-selective
short-duration RF-pulse (0.1024 ms) was applied in an arbitrary
(user-specified) orientation. The corresponding FID signal was
collected in the absence of gradients, which was primarily
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TABLE 1 Summary of the applied sequences and their corresponding parameters.

Sequence TR/TE (ms) FA (°) BW (kHz)
In-Vitro

Cartesian- 6.0/1.8 4.0 100

4D-flow

SoS-4D-flow 6.0/1.0 4.0 100

In-Vivo

Cartesian- 6.0/1.8 4.0 100

4D-flow

SoS-4D-flow 6.0/1.0 4.0 100

us

2.5

NRep Res (um?) VENC Receiver
(cm/s) coil
1 300 x 300 x 300 20-800 72mm Quadrature
1 300 x 300 x 300 20-800 72mm Quadrature
1 230 x 230 x 230 85 4-channel Phase Array
25 230 x 230 x 230 85 4-channel Phase Array

(TR, repetition time; TE, echo time; FA, flip angle; BW, bandwidth; US, undersampling factor; NRep, number of repetitions; Res, resolution; VENC, velocity encoding value).

modulated by the cardiac and/or diaphragmatic motion. (E) The
balanced 4-point velocity encoding scheme was integrated in the
sequence just after the 3D phase-encoding gradient to sensitize the
The
minimum duration of the flow-encoding gradient was calibrated

center-out radial spokes to higher-order motion.
to 0.6 ms as gradient imperfections arose at shorter intervals. After all
modifications, a minimum TE = 1 ms could be achieved. A schematic

representation of the sequence is illustrated in Figure 1.

2.2.2 Cartesian-4D-flow

A commercially available prospectively-triggered Cartesian-4D-
flow sequence (FlowMap, ParaVision 6.0.1, Bruker BioSpin MRI
GmbH, Ettlingen, Germany) was used as a reference. The sequence
was composed of a balanced 3D gradient-echo and a balanced 4-
point velocity encoding scheme. A respiratory bulb and a 3-lead ECG
were used to capture the respiratory and cardiac motion and to
prospectively synchronize the acquisition with physiological motion.
The R-wave of the ECG during the expiratory period was set as the
external trigger pulse. A schematic representation of the sequence is
illustrated in Figure 1.

2.3 Image reconstruction

2.3.1 In-vitro data
2.3.1.1 SoS-4D-flow

The imaging trajectory was measured by [19] before each
acquisition. The corresponding k-space sampling densities were
estimated using the trajectory information. The polar signals
were gridded by an iterative sampling density compensation
algorithm with optimized kernel using an in-house developed
MATLAB framework. Finally, a 3D inverse fast Fourier operator
(3D-iFFT) was applied on the gridded data to reconstruct the
complex images. By the use of the complex images and the
following equations, the individual velocity maps were
calculated:
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V= 1
A<H1°H4> 1
H2°H4
vV, = 2
y L<H1°H3) (2)
H3°H4
V,=¢ 3
o) ®)

Where H; for i = 1-4 stands for each HADAMARD velocity
encoding imaging set.

2.3.1.2 Cartesian-4D-flow

The in-vitro Cartesian-4D-flow data were reconstructed by
the application of 3D-iFFT. The corresponding velocity maps
were calculated using Eq 1-3.

2.3.2 In-vivo data
2.3.2.1 ko-navigated SoS-4D-flow

For the in-vivo application of SoS-4D-flow, an external ky-
navigator was used. At first, different k, signal components
(i.e, magnitude, phase, imaginary, and real) were visually
inspected to identify the optimal domain that best represented
the cardiac and respiratory motion. Second, the navigator FID
was amplified and summarized by taking the L2-norm of
different channels. Third, FID was denoised by the Savitzky-
Golay filter, and then the biorthogonal wavelet algorithm was
applied to resolve the remaining signal redundancies. Fourth, the
identified from FID, and the
were discarded. Fifth, by
considering the peaks of FID as the onsets of the cardiac

inspiration cycles were

corresponding radial spokes
cycles, the radial signals were sorted according to the heart
motion (Figure 2). Since many radial spokes were discarded
in the process of retrospective reconstruction, a high degree of
sparsity was achieved in the finally-sorted raw-data. Nonetheless,
this problem could be resolved by averaging the sparse raw-data

over all the acquired 25 repetitions (see the methods section).
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Representative image showing the cardiac and respiratory motion modulations in a filtered ko-navigator signal. During the retrospective sorting
of the main SoS-4D-flow radial spokes, the inspiration cycles and their corresponding radial spokes were discarded (dashed arrows). The peaks of the
cardiac modulations were considered as the onset of the heart cycles and the radial spokes were sorted accordingly (solid arrow). The color bars on

top represent different radial spokes.

Eventually, the total variation compressed sensing (CSTV)
reconstruction algorithm was applied along the space, time,
and velocity domains wusing the Berkeley Advanced
Reconstruction Toolbox (BART) [20] and the corresponding
velocity maps were calculated by Eqs 1-3. To adjust for the coil
sensitivities, the eigenvalue-based iterative self-consistent parallel
imaging reconstruction algorithm (ESPIRIT) was applied [21].

2.3.2.2 Cartesian-4D-flow

Since the sequence was prospectively-gated, it was not
necessary to sort out the raw-data. The applied reconstruction
pipeline was the same as for the SoS-4D-flow in-vivo
experiments; ie. all data were reconstructed using CSTV plus
ESPIRIT, and the corresponding velocity maps were calculated
by Eqs 1-3

2.4 Velocity analysis
2.4.1 In-vitro data
2.4.1.1 Segmentation

An in-house developed semi-automatic segmentation
algorithm (using the simultaneous information of the complex

Frontiers in Physics

images and velocity maps) was applied to label the stationary and
dynamic regions within the in-vitro data. All labels were validated
visually to ensure for the accuracy of segmentation. In the
phantom data, the first and the last 20% of slices along the Z
direction were discarded to mitigate the bias of RF imperfections
(i.e., the middle 60% of 3D-stacks were extracted and entered
statistics).

2.4.1.2 Static phantom

The main purpose of using the static phantom was to
evaluate and quantify the background velocity bias. After
segmentation, the L2-norms of the velocity maps
(i.e., velocity magnitudes) were calculated in both
sequences (i.e., SoS-4D-flow and Cartesian-4D-flow), and
the mean and maximum background velocity changes were
compared statistically. A regression analysis between the
maximum velocity and different VENC values was

performed in both techniques.

2.4.1.3 Flowing water phantom

The principle goal of using the flowing water phantom
was to investigate the accuracy of SoS-4D-flow in comparison
to the Cartesian-4D-flow technique, as well as to evaluate the
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reproducibility of the findings in the static phantom. For this
purpose, first, the velocity maps were segmented for the
stationary and dynamic regions semi-automatically.
Second, the L2-norms of the velocity maps were calculated
for both the SoS-4D-flow and Cartesian-4D-flow techniques.
Third, to confirm the findings of the static phantom data, the
background velocity bias was reevaluated at the stationary
portion of the flowing water phantom. Fourth, to compare the
VNR efficiencies at different pump speeds, the individual
VNRs for both sequences were calculated at the flow rates of
200, 400, 600, and 800 ml/s and were eventually summed-up.
The final sum value was used for VNR comparisons. Fifth, to
investigate the similarity of the SoS-4D-flow results with the
Cartesian-4D-flow velocities, the velocity magnitudes of each
technique were regressed to different pump speeds and the
regression coefficient were compared. Sixth, to study the
k-space trajectory effects on the spatial velocity profiles,
the velocities across a representative tube (in which
dynamic spins existed) were plotted with respect to their
location and the spatial integrals were calculated and
compared in both techniques. Last but not least, the effects
of polar undersampling on the accuracy of SoS-4D-flow
results were investigated by averaging and comparing their
velocity values to the fully-sampled Cartesian-4D-flow
results.

2.4.2 In-vivo data

For methodological comparison, the velocity maps of
So0S-4D-flow
perpendicular to the longitudinal axis of the ascending

and Cartesian-4D-flow were angulated
aorta (AA) and the through-plane velocity components
(ROI) were drawn
manually at the distal AA and the peak systolic velocities
the
comparison. In addition, the velocity-time profiles were

were selected. Region-of-interests

(Vimax) were calculated and used for statistical
divided into the diastolic and systolic portions and were
integrated over time for comparing the techniques. Finally,
the background velocity was measured in the anterior
chest wall (ACW) using ROI analysis at the same slice

location.

3 Results
3.1 Static phantom

The concept of SoS-4D-flow was implemented on a small animal
MRI scanner at 9.4T and the results were compared to those obtained
by Cartesian-4D-flow. The qualitative evaluation of the velocity maps
in both techniques showed a persistent 3D background velocity bias,
with the slope of changes being less in SoS-4D-flow (Figure 3). The
analysis of 4D flow data at different VENCs showed significantly
lower (62.3% less) background velocity bias in SoS-4D-flow than in
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Cartesian-4D-flow with the mean values of 7.63 + 3.47 cm/s vs.
20.28 + 0.66 cm/s respectively (p < 0.05). The maximum background
bias in SoS-4D-flow was on average 19.507 + 4.23 cm/s and
significantly less than the maximum bias in the Cartesian-4D-flow
results showing an average value of 42.647 + 7.105 cm/s (p < 0.05). In
both sequences, the maximum background velocity varied with
different VENC values. Accordingly, the maximum velocity and
the value of VENC showed a significant strong correlation in the
Cartesian-4D-flow velocity maps (r = 0.992, p < 0.05), while no
significant correlation was observed in the SoS-4D-flow data (r =
0443, p > 0.05).

3.2 Flowing water phantom

In the flow phantom, consisting of four straight tubes, our
analysis showed a background velocity bias comparable to the
findings in the static phantom; ie., the averaged velocity bias in
SoS-4D-flow was significantly less (56.7%) than the value inspected in
Cartesian-4D-flow (10.75 + 0.05 vs. 24.87 + 0.12 cm/s, respectively,
P < 0.05). The SoS-4D-flow acquisition with US = 3.15 provided the
same scan time as the fully-sampled Cartesian-4D-flow but resulted
in an acceptable background velocity bias equal to 9.90 + 0.11 cm/s.
The sum of VNRs (over the flow rates of 200, 400, 600 and 800 ml/s)
in Cartesian-4D-flow was considerably less than the sum of VNRs in
SoS-4D-flow with the values of 9.911 vs. 21.57 respectively. The sum
of VNRs in the SoS-4D-flow acquisition with US = 3.15 was 23.25.

In addition, a significantly strong correlation was observed
between the L2-norm of velocity values in the fully-sampled SoS-
4D-flow and the Cartesian-4D-flow data over the pump speeds of
200-800 ml/s (r = 0.994, p < 0.05). Furthermore, a strong association
was observed between the velocity values measured by the
undersampled SoS-4D-flow with US = 3.15 and the Cartesian-4D-
flow technique (r = 0.994, p < 0.05). Nevertheless, the agreement
between the SoS-4D-flow (with and without US) and the Cartesian-
4D-flow technique was reduced at slow velocities (Figure 4E).

With respect to the effect of polar undersampling on the accuracy
of velocity maps, neither an underestimation nor overestimation was
observed in the SoS-4D-flow velocity values at different US factors in
the range of 1.0-8.0, showing an averaged velocity value of 92.27 +
1.08 cm/s in comparison to the velocity value of 93.52 cm/s measured
by the fully-sampled Cartesian-4D-flow technique (Table 2).

The shape of the spatial velocity profiles in the SoS-4D-flow
velocity maps (with US = 1 and US = 3.15) was preserved in
comparison to the Cartesian-4D-flow technique; i.e., the spatial
integral of the velocities measured by the fully-sampled SoS-4D-
flow, undersampled SoS-4D-flow (with US = 3.15), and the fully-
sampled Cartesian-4D-flow technique were 931.20, 908.78 and
911.91 cm/s respectively at the pump speed of 800 ml/s, while
they changed to 266.61, 262.53 and 266.23 cm/s at the pump
speed of 200 ml/s respectively (Figure 4A-D).

In regard to the velocity visualization, the background
velocity field imposed a systematic vector alteration in the
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Representative image of the static phantom in which the velocity values are supposed to be ideally equal to 0 cm/s showing higher background
velocity bias in Cartesian-4D-flow than in SoS-4D-flow. Each unit in pixel along the X,Y, and Z axes represents 300 pym.

Velocity (cm/s)

S
o

~n

'
~

.8

N b
o

Velocity (cm/s)

0 +40
0
0
S gy 100 I
80 <2
Z(pixel) % . T, 60 £
6075 20 Y (pixel) <
£
SoS-4D-flow, VENC=80 cm/s 8
2
o N
0.
0.
d -40
[}
20 L
. 100
Z (pixel) 40 _——— e 80
}q{' 2

Cartesian-4D-flow, VENC=80 cm/s

Y (pixel)

Cartesian-4D-flow results, influencing both the magnitudes and
the directions of the corresponding velocity vector fields, which
was more prominent at slow pump speeds (Figure 5).

3.3 In-Vivo analysis

For in-vivo blood flow analysis, the SoS-4D-flow sequence was
extended by ky-navigation and CSTV reconstruction. No significant
differences were observed between the V.« values of the SoS-4D-
flow and Cartesian-4D-flow results in AA (91.83 + 13.18 vs. 92.61 +
9.57 cm/s respectively, p > 0.05). However, the sum of the diastolic
velocities differed significantly between both sequences (SoS-4D-
flow: 24.23 + 541 vs. Cartesian-4D-flow: 82.88 + 30.38 cm/s, p <
0.05). Nevertheless, the sum of the systolic velocities showed no
significant difference between the SoS-4D-flow and Cartesian-4D-
flow result (449.96 + 88.13 vs. 520.83 + 73.29 cm/s respectively, p >
0.05) (Figure 6, E). The velocity-time curves of both the techniques
showed a significant linear correlation (r = 0.995, p < 0.05) to each
other. The averaged background velocity over ACW was significantly
less in the SoS-4D-flow velocity maps compared to the Cartesian-4D-
flow data with the average values of 3.29 + 0.95 vs. 14.29 + 5.49 cm/s
respectively (p < 0.05). Qualitatively, the streamline directions of
Cartesian-4D-flow were influenced by the concomitant field in-vivo
showing distracted flow directions in aorta, while the streamlines of
the SoS-4D-flow techniques were preserved and represented the
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expected orientations (Figure 6A-D). The average scan time of the
Cartesian-4D-flow and the SoS-4D-flow technique were 70.32 +
4.33 and 68.74 + 8.73 minutes orderly.

4 Discussion

Historically, the concept of 4D-flow imaging emerged in the
late 1990s [22, 23] and has been continuously refined through
improvements in velocity encoding methods [4, 24-27], spatial
encoding trajectories [7, 28-31] and reconstruction pipelines [32,
33]. It has already been reported that TE shortening could reduce
intravoxel-dephasing of higher-order motions, such as found in
turbulent flows [34, 35]. Accordingly, O’Brien et al. introduced a
UTE-2D-flow sequence with TE = 0.65 ms to recover the signal
from high-velocity turbulent jets after the presence of
stenosis [36].

With the initial introduction of the stack-of-stars phase
contrast angiography at 3.0T by Kecskemeti et al., the
minimum achievable TE was 3.7 ms due to full spoke readout
from -k to + k [37], which was considered an appropriate TE for
angiographic purposes but not for velocity mapping. Kadbi et al.
adopted the concept of center-out acquisition from [36] and
combined it with [37] to design a SoS-4D-flow with TE = 1 ms at
1.5T [6]. However, their study was mainly investigated in-vitro
and did not include any comprehensive evaluations in-vivo. Up
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FIGURE 4

(A—D) Representative spatial velocity profiles perpendicular to the long axis of a representative tube (solid lines: mean velocity, shades: standard
deviation) obtained from fully sampled SoS-4D-flow, undersampled SoS-4D-flow with an undersampling (US) factor of n, and Cartesian-4D-flow
data at different pump speeds (Q) ranging from 200 to 800 ml/s. Each unit in pixel along the X axis represents 300um. (E) Representative plot
showing the velocity values obtained by the fully-sampled SoS-4D-flow, undersampled SoS-4D-flow, and the fully-sampled Cartesian-4D-

flow technique at different flow rates (i.e., pump speeds).

to our knowledge, the application of the center-out SoS-4D-flow
sequence has not been investigated in UHFs, neither in human
nor small animal imaging.

Since the prospectively-triggered Cartesian-4D-flow velocity
mapping requires long gradient duration as well as a bipolar
readout gradient to cover-k to + k line by line, its typical TEs are
long enough to be considered as an disadvantage in the regions of
higher blood flow at 9.4T because of signal cancellation. For this
purpose, we implemented a golden-angle center-out SoS-4D-
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flow sequence at 9.4T with reduced TE = 1 ms and evaluated it in-
vitro and in-vivo.

Our in-vitro investigations in the static phantom showed a
notable background velocity deviation in the Cartesian-4D-flow
velocity maps, which was dependent on the location of the voxel
and was persistent in different VENC values, tending to increase with
higher velocity sensitizing gradient amplitudes. Since the reduction of
TE in UHF systems is crucial to compensate for the intensified
intravoxel-dephasing, it is a common practice to overlap all gradient
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TABLE 2 In-vitro comparison of the velocity values of multiple SoS-4D-flow measurements with different undersampling factors to the reference

value obtained by the fully-sampled Cartesian-4D-flow technique.

Sequence Scan time (minute: Second)
Cartesian-4D-flow 4:00
SoS-4D-flow 12:33
SoS-4D-flow 8:24
So0S-4D-flow 6:19
SoS-4D-flow 5:02
SoS-4D-flow 4:09
SoS-4D-flow 3:36
SoS-4D-flow 3:07
SoS-4D-flow 2:48
SoS-4D-flow 2:28
SoS-4D-flow 2:19
SoS-4D-flow 2:04
So0S-4D-flow 1:55
SoS-4D-flow 1:45
So0S-4D-flow 1:40
SoS-4D-flow 1:36

(US, undersampling factor).

events (ie., slice, phase, readout, etc.) in the design of Cartesian
sequences. The design of the standard Cartesian-4D-flow sequence at
94T is not an exception from this convention. Since all gradient
events overlap along the X, Y, and Z directions in the Cartesian-4D-
flow technique, the net gradient amplitude along each physical
coordinate is very strong. This led to the formation of a strong
concomitant filed (Maxwell field) and consequently to a huge phase
drift throughout the object—which is the main source of the observed
significant background velocity bias in the Cartesian-4D-flow data.
As reported by Bernstein et al. [38] and Norris et al. [39], the gradient
polarity does not have any influence on the phase drift and thus the
reconstruction of the velocity maps using Eqs 1-3 could not unwrap
and correct the signal. Based on [38], the velocity drift has to be
dependent on both the voxel location and the net gradient amplitude
along the physical axes, which was in accordance with our
observations; ie. we observed that the strongest velocity drift
existed at the diagonal axis from the gradient isocenter at the end
points of FOVs. The background velocity bias due to the Maxwell
field was significantly (p < 0.05) reduced in SoS-4D-flow since it had
fewer overlapping gradients.

Similar to the static phantom, a big velocity drift was observed in
the results of the flowing water phantom. When a comparison was
drawn between the velocity maps acquired by SoS-4D-flow and
Cartesian-4D-flow at different pump speeds, we observed that the
Maxwell field changed the streamline directions in Cartesian-4D-flow
at slow flow rates (ie., slow velocities). However no obvious changes
were detected in the streamlines reconstructed from the SoS-4D-flow
data at the same pump speed (Figure 5). Therefore, it is predictable
that the presence of strong concomitant fields in the Cartesian-4D-

Frontiers in Physics

09

UsS Velocity (cm/s)
1.0 9352 + 36.90
1.0 90.81 + 33.18
15 92.09 + 30.63
2.0 91.54 + 29.29
25 92.28 + 28.11
3.0 91.39 + 26.21
35 92.27 + 25.08
40 93.53 + 23.92
45 92.69 + 23.17
5.0 93.85 + 22.91
55 94.88 + 23.11
6.0 92.28 + 21.18
65 91.24 + 20.60
7.0 92.11 + 21.21
75 90.81 + 21.26
8.0 92.26 + 21.63

flow sequence at short TE can limit its application at UHFs for
imaging at high resolutions and low VENC values since both
conditions increase the net gradient amplitudes. Additionally, we
observed that the effect of the concomitant field on the total velocity
field of the still
persistent but less prominent at fast flow rates (ie, at fast

vector Cartesian-4D-flow technique was
velocities) (Figure 5).

Our in-vivo findings were in accordance with the in-vitro
results, with respect to a higher background velocity observed in
Cartesian-4D-flow compared to SoS-4D-flow. By having a closer
look at the corresponding velocity-time curves (Figure 6E), the
difference in the hemodynamic profiles was more prominent
during the diastolic period than in the systole, suggesting that
for the evaluation of slow velocities (such as the diastolic velocity
profiles) the application of SoS-4D-flow can be superior to
Cartesian-4D-flow at UHFs. Since the reconstruction algorithm
of both techniques was the same, the difference could not originate
from the reconstruction pipeline but rather from the sequence
itself. Furthermore, the integration of the SoS-4D-flow technique
with the ky-navigator pulse and retrospective reconstruction could
increase the quality of its velocity maps in two additional ways; (A)
the poor quality ECG was replaced by a strong navigator signal,
which decreased the possible errors originating from the triggering
method; (B) for retrospective reconstructions, we scanned the
whole k-space with 25 repetition, then sorted the signals and
averaged each sorted k-space over all the 25 repetitions. This part
of the pipeline could reduce the thermal noise in the source
complex images and could increase the VNR in the final
velocity maps.
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Representative streamline visualization of the in-vitro flowing water phantom reconstructed from fully-sampled SoS-4D-flow, undersampled
SoS-4D-flow (by a factor of n), and Cartesian-4D-flow data at high and low pump speeds (Q value).

According to [40, 41], anesthesia of small animals using
Isoflurane can influence the cardiac physiology and the
corresponding hemodynamics; hence, shorter scan times are
always preferable for cardiac magnetic resonance. In this regard
and in comparison to the other sophisticated sequences such as UTE-
4D-flow (which covers the whole k-space center-out radially), we
believe that the application of SoS-4D-flow could be more

advantageous despite of its less expected VNR. Since the size of
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the imaging matrix is a determinant factor on the number of the
required projections in UTE-4D-flow; high resolution imaging with
large field-of-views (FOV) could limit the application of UTE-4D-
flow due to time constraints. For instance, in a previous investigation
on the UTE-4D-flow technique, the total scan time at the resolution
of the current study (ie., 230 pm) was =2 h with TR = 3.1 ms [3],
while the total scan time of SoS-4D-flow was ~68 minutes with TR =
6 ms (i.e., the hybrid characteristics of SoS-4D-flow could save time
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FIGURE 6

Representative figure showing (A) Streamline visualization of an in-vivo data obtained by Cartesia-4D-flow; (B) Streamline visualization of an in-

vivo data obtained by SoS-4D-flow; (C) A velocity map of an in-vivo data acquired by Cartesian-4D-flow; (D) A velocity map of an in-vivo data
measured by SoS-4D-flow; (E) Velocity-time curves at the cross-section of the distal ascending aorta obtained by the kq-navigated SoS-4D-flow
and the prospectively-triggered Cartesian-4D-flow technique. Please note that the strong background velocity in the Cartesian-4D-flow data

has influenced the streamline orientation in aorta (solid white arrow), while the streamline quality is well-preserved in the SoS-4D-flow results
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since the m factor of additional projections along the slice/slab
directions is not further required). It is not yet known whether
the simultaneous applications of three readout gradients in the UTE-
4D-flow technique have any significant impact on the formation of
Maxwell fields or not, especially at high resolutions. Thus, further
investigations are recommended to compare the Maxwell fields in the
SoS-4D-flow sequence with those in the UTE-4D-flow technique.
For an accurate comparison, according to the methodology presented
in [3], we suggest to use a spatially nonselective RF pulse in the
absence of any slice/slab selection gradients to minimize TE and the
net gradient amplitude in SoS-4D-flow. Since UTE-4D-flow is based
on the Kooshball trajectory, it would be invaluable to additionally
investigate the effects of the polar undersampling on the accuracy of
the resultant velocity maps in comparison to the fully accelerated
SoS-4D-flow technique. However, this investigation was not in the
scope of this research and will require further studies.

Since we used no Cartesian acceleration along the k,-direction in
SoS-4D-flow (ie., we used only polar undersampling in the ky, plane),
we decided to apply no Cartesian undersampling in the reference 4D-
flow measurements (i.e., Cartesian-4D-flow). This approached could
eliminate the corresponding confounding factors in the final statistical
analysis. Accordingly, it is not clear how the results of those two
methods would deviate if a full Cartesian acceleration was applied.
Hence, we suggest a deeper investigation to address this issue.

Physically, there are only two remedies to reduce the
concomitant fields in Cartesian-4D-flow (A) to separate the
imaging and velocity encoding gradients from each other, which
increases TE and signal loss at UHFs, especially in the regions with
the higher order blood flow; (B) to use coarser spatial resolutions or
higher VENC values to use a weaker gradient strength. Despite of the
applicability of those approaches in big in-vivo objects (such as
humans), they limit the application of the Cartesian-4D-flow in small
animal imaging since high resolutions and short TE are always
required. Analytically, the effect of concomitant fields can also be
corrected by solving a fitting problem; nevertheless, the sole
application of the model-based correction methods is subject to
inaccuracies [42]. Accordingly, the model-based corrections can add
bias into the regions where real velocities exist. Thus, the optimum
correction of the Maxwell field additionally necessitates modifying
the gradient events [38]. Based on this, SoS-4D-flow has little gradient
overlaps and results in a negligible concomitant field. In addition, it
benefits from a short TE at UHFs, which preserves the accuracy of
estimated velocities [6]. To this end, we come into the conclusion that
the SoS-4D-flow technique is not only suitable to accurately quantify
fast velocities requiring short TEs, but also is a precise method for the
estimation of a wide range of velocities including slow flows.
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